Abstract-In this paper, we propose to use terahertz pulsed imaging (TPI) as a novel tool to measure the thickness and quality of up to four layers of car paint on both metallic and non-metallic substrates. Using a rigorous one-dimensional electromagnetic model for terahertz propagation in a multi-layered medium combined with a numerical fitting method, the refractive index, extinction coefficient, and thickness of individual paint layers were determined. This proposed method was shown to be able to resolve coating layers down to a thickness of 18 m and was validated for both single-and multi-layer automobile paint samples. Results of the terahertz measurements were benchmarked against other techniques that are currently used for non-destructive testing during car manufacture: ultrasound and eddy current measurements, as well as two reference techniques, X-ray microcomputed tomography and surface profilometry. Good consistency was found between the techniques. Compared to conventional techniques, TPI has the advantage that it is a non-contact method and that it is able to spatially resolve the thickness uniformity distribution information by two-dimensional mapping.
I. INTRODUCTION

R
ECENT developments in terahertz time-domain spectroscopy have opened up a number of opportunities for non-destructive testing applications across a large range of fields [1] , including nondestructive evaluation of aircraft materials [2] , pharmaceutical tablet properties testing [3] - [5] , and explosives detection [6] , [7] . A further, yet largely unexplored, application of terahertz sensing is in non-destructive testing of paint layers in the automotive industry. Painting is a very important processing step during automotive manufacturing. Paint coats perform a number of important functions, not only by giving distinct colors to a vehicle, but also by providing crucial protection from UV radiation, corrosion, scratches, and harmful chemicals.
Conventional methods to measure the thickness of car paint layers that are commercially available, such as magnetic gauges, 1 eddy current measurements, 2 and ultrasound testing 3 all require direct contact between the measurement sensor and the painted car surface. These measurement techniques can only cover a limited number of sampling points on selected cars and hence lack the capability to identify paint defects, monitor drying processes and map the thickness distribution of the paint layers over a larger surface of the vehicle. Both magnetic gauges and eddy current measurements can only be used when measuring the thickness of paint layers on metal substrates. In addition, only the ultrasound technique is capable of resolving individual layers whereas the other techniques merely measure total thickness of the film build.
Terahertz-based measurement systems have recently been introduced as a technology for measuring car paint thickness and quality. Yasui et al. [8] demonstrated a terahertz "paintmeter" for non-contact mapping of the thickness of both single layer and two-layer paints with relatively thick film builds (above 100 m). Yasuda et al. [9] proposed a numerical parameter fitting method which increases the sensitivity of the minimum thickness measurement. For simplicity of parameter fitting, the physics model neglected the effects of dispersion in refractive index, absorption of the paint, and multiple reflections in the terahertz pulse. However, thin film paint layers will result in multiple reflections of the signal inside the sample and consequently the time-domain trace of the sample signal will contain a sequence of signal echoes following the main reflected pulse, which is particularly noticeable in the case of multiple paint layers on a metallic substrate.
In this paper, a rigorous one-dimensional (1-D) electromagnetic model for terahertz propagation in a multilayered medium is used to simulate reflected terahertz pulses. Given the complex dielectric function of individual layers in a multi-layer structure, the reflection coefficients are calculated at each frequency using this electromagnetic model. After applying an appropriate filter function, the calculated reflection coefficients are inverse Fourier transformed back to the time-domain to obtain the simulated reflected terahertz waveform. Refractive indices, extinction coefficients and thickness of each individual layer of the sample can be determined by a numerical parameter fitting algorithm. In order to validate the ability of this method to evaluate the thickness and uniformity of car paint films, the thickness of single-and multi-layer paint samples, consisting of up to four different layers covering a range of typical coating patterns used in the automotive industry, were measured by terahertz pulsed imaging (TPI) using a TPS Spectra 3000 with reflection imaging module (TeraView Ltd., Cambridge, U.K.) and compared with the currently used reference techniques such as: profilometer (Talysurf i120, Leicester, U.K.), ultrasound ( P501A PELT, Imaginant Inc, NY, USA), eddy current measurement (Elcometer 456, Elcometer Limited, Edge Lane, U.K.), as well as X-ray microcomputed tomography ( , Skyscan 1172, Kontich, Belgium). The TPI results show good agreement with the other methods.
II. PRINCIPLE
For clarity the following discussion of the coating thickness extraction technique considers only two paint layers on a substrate. However, the same principle is employed to describe additional layers in the remainder of the paper. The substrate upon which the paint layers are deposited can either be metallic (e.g., aluminum or steel) or non-metallic (e.g. carbon fiber, plastic, etc.). For each paint layer the refractive index, extinction coefficient and thickness are described by , and , respectively. When a terahertz pulse is incident on an automotive panel, reflections arise in the terahertz waveform whenever there is a change of the sample microstructure, which causes a change in the refractive index and/or extinction coefficient of the material (Fig. 1) . 
A. Optically Thick Samples
In the case of optically thick samples all peaks due to reflection from an interface between adjacent layers are well separated [ Fig. 1(b) ]. For pulses propagating at normal incidence, the layer thickness can be calculated directly from the time delay between neighboring reflections as follows: (1) (2) where and are the time separations expressed as optical delay in mm between the reflection pulses [10] , [11] .
As shown in Fig. 1(b) , the first reflection is due to the interface between free space (air, ) and the first paint layer. The refractive index of the first layer, is greater than the refractive index of the preceding medium and hence a positive peak is observed. In this example and hence a negative peak corresponds to the reflection from the boundary between layers 1 and 2. The third reflection peak originates from the interface between layer 2 and the substrate and is positive since . Region 4 contains the multiple etalon reflections originating from the paints layers.
B. Optically Thin Samples
For optically thin paint layers reflection peaks from layer interfaces are not well separated in the time-domain which means that the layer thickness cannot be extracted using the above peak separation method [ Fig. 1(c) ]. In order to be able to quantify thin coating layers we have developed a signal processing algorithm based on the 1-D propagation of the electromagnetic field to resolve and extract the individual layer thickness of multiple paint layers (Fig. 2) .
1) 1-D Propagation Model:
A detailed derivation of the underlying model was presented earlier [11] , but given the importance of the model to the following implementation in the thickness extraction algorithm we briefly introduce the key concept of the method. Given that we know the number of layers present in the sample, , we specify their number in this implementation of the model and we also limit the model to polarization of the incident light as is the case for our experimental setup. We furthermore make the assumption that the optical properties of each layer are uniform in the transverse direction.
In the 1-D propagation model each layer is characterized by a dielectric function and thickness . The -component of the magnetic field can be expressed as (3) where is the transmitted amplitude and is the reflected amplitude of layer , and (4) (5) Here is the wavenumber of light in vacuum and is the angle of incidence of the terahertz pulse. Using Maxwell's equation the -component of the electric field can be obtained:
At the boundary of , continuity is observed in and :
This allows us to develop the following expression for and : (9) (10) where . We explicitly take into account the frequency dependence of for each layer, by implementing this in terms of the complex index of refraction . The complex refractive index is defined as (11) where is the effective refractive index and is the extinction coefficient. In our model for typical automotive paints we approximate the real part of the refractive index to be constant at terahertz frequencies, while we assume that increases linearly with frequency as (12) For polymer based car paints that do not contain particles that lead to appreciable scattering effects we found these two assumptions suitable to approximate the optical properties of the paint layers [12] . In order to account for scattering effects (12) can be modified to the power of two [13] . Other models for can be easily used instead to account for the dielectric properties of different materials.
Using the optical properties defined by (11) and (12) and initial guessed values of thickness for each layer, and can be obtained by iteration. The reflection coefficient can be calculated as the ratio of the reflected amplitude to the incident amplitude :
2) Simulation of Reflected Waveform: The incident time-domain terahertz pulse is Fourier transformed into the frequencydomain,
. Then the reflected complex amplitude spectrum is obtained using the Fourier transformed time-domain waveform of a reference waveform acquired from a mirror and the reflectance coefficient calculated in (13) by (14) Finally, the calculated reflected complex amplitude spectra were Fourier transformed back to the time domain to obtain the simulated reflected terahertz waveform.
3) Layer Thickness Extraction From Experimental Waveform:
The thickness of each coating layer was then extracted by fitting the measured reflected waveform with the simulated waveform by iterating and minimizing the residual sum of squares between the measured and simulated waveforms using the least square method.
III. SAMPLES MEASUREMENTS
A. Paint Samples
For this study, three sets of automobile paint samples with different layer configurations were prepared, as depicted in Fig. 3 . The first set of paint samples are single layer paints coated over one half of a flat mirror of dimensions 25 25 mm. The thickness of the single-layer paint film was measured independently using a mechanical stylus profilometer, from which the optical properties (refractive index and extinction coefficient) of different paints were determined using the numerical optimization routine outlined above. Based on these single layer calibration samples, a library of terahertz properties was built for the different paint samples, which was used for the subsequent analysis of multi-layer paint samples of unknown thickness.
The second set of paint samples are designed to be representative of typical automotive paint layer structures used for painting metal body panels. These samples contain four layers of automotive paints applied onto a flat metallic substrate as shown in Fig. 3(b) . The four layers are: electrocoat, primer, a pigmented basecoat and finally a pigment free clear polymer layer (clearcoat) in the order applied to the metal substrate. The thickness of each of these layers typically ranges from 10 to 100 m, depending on the coating function, with a typical total film build of 170-240 m. Each layer performs a different function: The first layer applied to a metal substrate is the electrocoat, which is applied using an electrochemical reaction and provides corrosion protection of the metal substrate. The primer is designed to promote adhesion between the electrocoat and the layers above and also serves to smooth out surface roughness originating from the electrocoat. The final two layers of the paint system, the basecoat and clearcoat, comprise what is often referred to as the top-coat. The basecoat is the layer that provides color to the paint system, which contains organic, inorganic, and special effect pigments (such as aluminum flakes, micas) that give a vehicle its particular color. To protect these pigments from the environment, a glossy and transparent clearcoat is applied over the color basecoat. The clearcoat offers protection from UV radiation, mechanical scratches and resistance against chemical corrosion and is typically the thickest layer.
In addition to metal substrates, carbon fiber composite materials are increasingly being used in the automotive industry due to their high stiffness, ultra-lightweight and corrosion resistance properties compared to metals such as steel and aluminum. The final set of paint samples comprises a full stack of four layers of automotive paint on a carbon fiber substrate. For this type of substrate a layer of conductive primer paint is applied (primer 2), instead of electrocoat, to ensure electrical conductivity of the substrate, which is essential to allow electrostatic spray paint operation on carbon fiber substrates.
Both sets of paint samples, stack 2 [ Fig. 3 (b)\ and stack 3 [ Fig. 3(c) ] were prepared by applying a stepped paint layer structure [as shown schematically in Fig. 3(d) ] onto a 8 12 cm rectangular substrate. Three layers of peel-off tapes (1, 2 and 3) were first applied to cover the base paint layer applied on the substrate. (electrocoat for metallic substrate and primer 2 for carbon fiber substrate). The step structures (A1, A2, A3, and A4) were achieved by peeling off the respective tapes in order during the painting process. Using this strategy, the thickness for each kind of paint layer remains the same for each step and the individual thickness of each layer of the full stack sample can be determined even for the eddy current meter measurement by simple subtraction, i.e. the thickness of the clearcoat layer .
B. Terahertz Pulsed Imaging (TPI)
TPI measurements of paint samples were acquired in reflection mode with an angle of incidence of 30 degrees to the normal using a commercial TPI system (TPS Spectra 3000 system with reflection imaging module, TeraView Ltd., Cambridge, U.K.). The system has a useful spectral range of 60 GHz-3.6 THz, corresponding to a wavelength range of 0.08-5 mm. The detailed description of the TPI system was presented earlier [14] . In brief, a beam splitter separates a femtosecond pulse of near-infrared (NIR) laser light into an excitation beam and a probe beam. Terahertz pulses are generated by optical excitation of a biased photoconductive antenna when illuminated by each laser pulse. Emitted terahertz pulses are collimated and focused onto a sample using a series of off-axis mirrors. Reflected and backscattered terahertz pulses are collected and focused, using a set of off-axis mirrors, onto an unbiased photoconductive antenna for laser-gated terahertz detection. To acquire a TPI map of each paint sample, terahertz reflection waveforms are measured at a point spacing of 200 m over a 20 mm by 20 mm area. Each time-domain waveform is discretely sampled over 512 data points and can be acquired in less than 50 ms.
C. Mechanical Stylus Profilometer
The thickness of the single layer paint samples of Fig. 3(a) was measured using a stylus profilometer (Talysurf i120, Leicester, U.K.), which uses mechanical contact to measure surface topography. The diamond stylus is moved vertically until it is in contact with the sample surface, which is mounted parallel to the direction of travel of the stylus probe head. The stylus is moved laterally across the sample surface and surface variations, in our case due to paint thickness variation, is recorded as a function of scan position by calculating difference in height between the painted surface and the substrate surface. The resolution of the thickness measurement is 16 nm.
D. X-Ray Microcomputed Tomography ( )
For further validation of TPI-based thickness prediction, measurements were made using a Skyscan 1172/F instrument (Skyscan, Konitch, Belgium, control software v1.5.1.3) to image a subset of the four-layer paint sample (both metallic and carbon fiber substrate). The system used employs cone beam geometry with a fixed CCD array detector. Here the spatial resolution depends mainly on the size of the sample and the resolution of the CCD array (the smaller the sample the higher the resolution). For the measurement a sample with a diameter of 0.635 cm is punched out from the painted panel leading to an isotropic voxel resolution of 2.4 m in the subsequent measurements. For each paint sample 796 shadow images were acquired over 180 degree of rotation. Reconstruction of the cross-section images was performed using the program NRcon+GPUReconSever (Skyscan, beta v1.6.5) on a single PC using GPU accelerated reconstruction. The paint sample was rotated to align the center band parallel to the -axis using DataViewer (Skyscan, v1.4.4). The paint thickness can be obtained from the -projection maps. 
IV. RESULTS
A. Single Paint Layer Samples
One-dimensional (1-D) paint thickness distributions of the single-layer paint samples were measured using the surface profilometer at 0.25 m steps over a range of 6 mm. Terahertz measurements were acquired subsequently on the same samples. For the TPI measurement an area of 6 6 mm was mapped at a resolution of 0.2 mm per step. The optical properties (the effective refractive index and extinction coefficient ) of the paint samples were calculated from the averaged measured terahertz waveform and the mean paint thickness as measured by the profilometer. Table I summarizes the optical properties of the seven different paint samples studied.
The key characteristic used as a basis for determining paint quality is layer consistency. The big advantage of TPI is that the technique is capable of measuring not only an average thickness but also to resolve the homogeneity of the coating thickness across the entire surface of the sample to determine the uniformity of the paint layer and detect paint defects. Fig. 4(a) and 4(b) shows a comparison of a 1-D thickness profile for a single layer of clearcoat on mirror as measured by profilometer and predicted from terahertz measurements. For both measurement methods the 1-D thickness distribution follows a similar trend and we note that at the edge of the film significant paint defects are observed where poor adhesion leads to paint peeling off the substrate. Such defects are typically caused by incompatible materials either in the paint or on the substrate or improper paint application process control. Terahertz measurements were made however, not over a 1-D trace, but instead over a 2-D area and therefore a map of thickness as a function of position can be generated, as shown in Fig. 4(c) . The histogram [ Fig. 4(d) ] clearly indicates distinctly thickness variations over the entire surface, which is critical factor to determine the quality of the paint layers.
B. Four-Layer Paint Samples on Metallic Substrate
TPI measurements were made on the multi-layer paint samples consisting of four layers of paint on a metallic substrate, as depicted in Fig. 3(b) . The sample was raster scanned over a square area of dimensions 10 10 mm. Results of measurements made on two different 4-layer samples (one containing a solid black basecoat and the other a metallic silver basecoat containing aluminum flakes) are shown in Fig. 5 . The images in the left (right) column correspond to data acquired from the sample containing solid (metallic) basecoat. The 2-D maps in It is clear from Fig. 5 (a) and 5(e) that there is a greater variation in the strength of reflection from sample containing metallic basecoat. Such variation is caused by the aluminum flakes in the basecoat. Fig. 5(c) and 5(g) shows deconvolved time-domain reflected waveforms form a single point on the sample. For the solid black basecoat sample, the first, second, and third positive reflections are from the air-clearcoat, basecoat-primer1, and electrocoat-metal boundary. Reflection peaks were not seen from the interface between clearcoat-basecoat as well as primer1-electrocoat because of the small refractive index difference between these layers. The sample containing metallic basecoat is challenging because aluminum flakes in the basecoat cause higher reflection and scattering effects. The first two well-resolved positive peaks in the waveform are reflections from the air-clearcoat and clearcoat-basecoat interfaces. They are followed by a negative reflection peak at the basecoat-primer1 interface where a relatively large drop in refractive index occurs. The following positive peak is at the interface between electrocoat-metal substrate. The thickness of each layer corresponds to the simulated reflection waveform (in red) that most closely matches the measured waveform (in blue). Fig. 5(d) and 5(h) shows the residual between the measured and simulated waveforms.
To validate the thickness values predicted from the analysis of the terahertz measurements three reference techniques (eddy current, ultrasound and ) were applied to independently quantify the thickness of the various paint layers. The eddy current method cannot resolve the individual layer thickness from a stack of layers but merely measures the total thickness of the film build. In order to estimate the thickness of each individual layer using the eddy current meter, a set of stepped samples were prepared using tape layers that were subsequently removed between the application of the paint layers [ Fig. 3(d) ]. The thickness of the individual layers of the full stack sample is calculated by subtraction, i.e., the thickness of clearcoat is while the thickness of the basecoat is . In the measurements there was poor contrast between some of the layers in the stack and the boundaries between basecoat and clearcoat cannot be fully resolved due to this lack of contrast. The thickness of the clearcoat layer was measured by subtracting the thickness of from . Table II shows the comparison of thickness results measured by the four different methods. Using the ultrasound measurements, which is the most commonly used technique to measure the individual layers in the automotive industry, as our standard, Fig. 6(a) and 6(c) shows the coating thickness measured by the other three methods in comparison for solid and metallic basecoat sample. Compared to the and eddy current techniques, the thickness measured by TPI shows a better correlation with the ultrasound measurement. Due to the substration calculation process outlined above there can be measurement error of the eddy current meter carried forward from both measurement steps rather than one. The errors from the measurements are mainly due to the uncertainty of defining the boundary of subsequent layer from reconstructed cross section image. We estimate the error to be 4.8 m (two pixels size). Fig. 6(b) shows the mean thickness value measured by TPI and the corresponding error bars as a function of thickness measured by ultrasound for solid basecoat sample and Fig. 6(d) shows the relationship for metallic basecoat samples. For both cases the linear fitting line weighted by the error bars and fitting lines are plotted and fall into the 95% confidence range.
C. Four-Layer Paint Samples on Non-Metallic (Carbon Fiber) Substrate
In addition to measurements made on a metallic substrate, we were able to resolve individual paint layers applied to a carbon fiber substrate [shown in Fig. 3(c) ]. The difference in optical properties at each interface is quite large (see Table I ). Therefore most reflection peaks (except that at the clearcoat to basecoat boundary) at the interface between paint layers are well separated in time and can be clearly resolved. As shown in Fig. 7 , the first, second and fifth positive peaks are reflections from air/clearcoat, basecoat/primer1, and carbon fiber inner structure, respectively. The third and fourth were negative reflections from primer1/primer2 and primer2/carbon fiber substrate interfaces. Due to the nested structure and nonuniform internal microstructure of the carbon fiber composite substrate, the simulated waveform is only valid to just beyond the front wall of the carbon fiber substrate (indicated by the green dashed line in Fig. 7(b) .
The thickness measured by all the three different techniques (TPI, ultrasound, and ) is listed in Table III . Fig. 8(a) shows the coating thickness measured by ultrasound as a function of coating thickness measured by the other two techniques for metallic basecoat sample with carbon fiber substrate. The mean thickness values measured by TPI together with their corresponding error bars as a function of thickness measured by ultrasound are plotted in Fig. 8(b) . The weighted linear fitting line and the line are plotted, both of which fall within the 95% confidence interval. In general, the terahertz measurement shows good agreement with the ultrasound technique. One reason for the slight discrepancy at higher film builds could be due to out-of-focus effects during measurement using the current focal length optics. Another possible explanation for this difference could be that we assume a constant refractive index value across the entire accessible terahertz spectral range. The assumption is reasonable for non-absorbing samples (e.g., clear coat as evident from terahertz spectra of a large number of samples we measured in the past). However, this assumption might be problematic for absorbing samples (e.g., base and primer coats) and further research will have to address this question.
V. CONCLUSION
In summary, we have reported a new approach to measure the individual thickness of paint layers on multi-layered automobile paints panels. Here we have shown that it was possible to measure the layer thickness on both metallic and non-metallic substrates for a range of different basecoat materials (with and without metallic particles). The terahertz results were compared with other techniques (ultrasound measurements, eddy current measurements as well as reconstructed cross sections based on images) and showed good agreement. The terahertz technique has the advantage of : 1) non-contact measurement compared to traditional tools; 2) suitability for a variety of coating films and substrates; 3) the ability to measure the thickness of individual layers in multi-layered coatings; and 4) the ability to provide maps of thickness distribution over a surface compared to single point measurements. Furthermore, TPI might have potential for in-line paint thickness measurement and monitoring wet to dry transformation processes.
